We employed neutralizing infrared videophotorefraction and photokeratometry to examine the manifest refractions and cornea1 curvatures of 21 species of anurans (frogs and toads) in five families (Dendrobatidae, Bufonidae, Centrolenidae, Leptodactylidae, and Hylidae) resident in Central America. We found that all of the anurans exhibited hyperopic refractions in air, but that the observed hyperopia was not totally explained by the small eye artefact (Glickstein & Millodot, 1970). An allometric comparison of the cornea1 radii of these small anurans with those of a large number of other vertebrates, inferred from ocular axial lengths, showed that their cornea1 radii increased significantly more rapidly with increasing body size than that of other vertebrates generally (allometric slope constants: anurans: 0.270 + 0.032; other vertebrates: 0.151 + 0.004). Among the anurans examined, nocturnal Hylids had significantly larger eyes than diurnal Dendrobatid frogs and Bufonid toads. Copyright 0 1996
INTRODUCTION
The eyes of frogs are said to be emmetropic in air while those of toads are thought to be emmetropic or myopic (Walls, 1967) . Mathis et al. (1988) found adult toads to be about 8 D hyperopic, and accounted for this hyperopia by the small eye artefact (Glickstein & Millodot, 1970) wherein the relatively constant thickness of the retina in all sized eyes, coupled with the fact that the retinoscopic reflex is believed to originate from the retinal-vitreous border, results in an apparent hyperopia. Others have found frogs of the genus Rana to be hyperopic by retinoscopy in air, but have evidently not realized that the hyperopia was artifactual (Krueger & Moser, 1971) .
The artefact of retinoscopy has been directly confirmed for a frog (Rana pipiens) in which refraction was measured in air both by retinoscopy and by photopic electroretinograms (ERG) (Millodot, 1971) . The frog was found to be hyperopic by retinoscopy, but emmetropic by maximizing ERG measurements with neutralizing lenses. This finding was confirmed in Rana temporaria by a similar method employing single cell recording in the tectum (Moser & Krueger, 1972) .
Thus, the conclusion that anurans generally are emmetropic, once the artefact of retinoscopy is accounted for, seems a plausible one. However, we wished to test this assumption using anurans of various sizes and differing taxonomic status. As will be seen, all the anurans we refracted appeared to be hyperopic by videoretinoscopy. However, when the standard correction for the artefact of retinoscopy was applied, larger frogs still appeared somewhat hyperopic, while smaller frogs appeared to be somewhat myopic. We also wished to investigate the allometry of anuran eye size and compare it to that of other vertebrates. Hughes (1977) noted that the allometry of eye size vs body weight appeared to be a concave curve, with smaller vertebrates showing larger allometric constants (steeper slopes). Since the frogs of this study are relatively small vertebrates, we wished to see if they also exhibited larger allometric constants relative to other vertebrates. Because we have been collecting allometric data on axial length for a large number of vertebrate eyes, we were in a position to make this comparison. Indeed, the allometry of anurans was seen to differ significantly from that of other vertebrates.
METHODS
The Central American frogs used in this study were photographed at the National Aquarium in Baltimore, Maryland. All of the frogs in the study were adult aerial predators. Specimens of 21 species were examined using photokeratometry (Howland & Sayles, 1985) and neutralizing infrared (IR) video photoretinoscopy (Schaeffel FIGURE 1. Photokeratometry of Gastrotheca riobambae (Hylidae). Reflections on the cornea were produced by a ring of eight fiber optic light guides surrounding the camera lens. Cornea1 curvatures were obtained by measuring the distances between pairs of opposite points, and converting these to radii and cornea1 powers using a calibration curve (see text).
et al., 1987) . Each frog used (one from each species) was calipers. For Ceratophrys ornata, we obtained no weight weighed to the nearest l/10 g and its snout-to-vent length or SVL measurements, and for Edelarhina perezi, we (SVL) was measured to the nearest l/10 with metric obtained no weight, SVL, or refraction (Table 1) . Regression for anurans Log Weight (kg) FIGURE 2. Log cornea1 radius of curvature (mm) vs log body wt (kg). Data are shown for four families: Bufonidae; Centrolenidae; Hylidae; and Dendrobatidae. Thin line indicates allometry of cornea1 radius of curvature 0, = 0.724 + 0.149~) computed from eye axial length allometry for 775 vertebrate species (Howland & Merola, 1993) . Genus abbreviations are: Pm, Phyllomedusa; Ag, Agalychnis; Pb, Phyllobates; H, Hyla; D, Dendrobates; Ep, Epipedobates.
Photokeratometry
The photokeratometer used was the same as that described in Howland and Sayles (1985) . It consists of a 35 mm camera with an f/1.2, 55 mm Nikkor lens mounted on a 29 mm extension tube. Eight 1.5 mm dia fiber optic light guides, arranged in a circle of 31.7 mm dia around the optic axis, are held by an aluminum ring mounted on the objective lens. The light guides are illuminated from a small flash from their proximal tips, which are gathered together into a wooden connector, which, in turn, is placed directly in front of the flash gun. We used Ektachrome IS0 400 (slide) film and photographed the frogs under normal room light.
The instrument was calibrated using a set of 13 ball bearings of various diameters which were measured to the nearest l/20 mm with vernier calipers. These measurements were converted to dioptric powers (Pt see below) by the equation:
Pt (Diopters) = 337.5/radius (mm).
(
This equation expresses the effective power of the human cornea as a function of the radius of its first surface (Borish, 1995) ; however, in the absence of better data, it has been widely applied in animal work.
Pictures were taken of each ball bearing with the handheld photokeratometer, in the same manner that pictures of frog corneas were obtained. The best focused slide of each ball bearing was chosen (in the manner of choosing the best focused frog eye slide), and the distances between opposite reflections of the eight keratometer points were determined using a measuring microscope accurate to a micrometer, resulting in four measurements along the 0, 45, 90, and 135 deg meridians. We then regressed the reciprocals of the means of these four diameters against the ball bearing powers and used the inverse slope of this regression to estimate dioptric powers (P,, see below) from mean diameters of cornea1 reflections i.e. where P, is average power for four meridional measurements, Pt is the true power of the ball bearing and n is the number of balls. We found an r.m.s. error of 0.051 f.0075, or about 5% in the dioptric power measurements.
Interpretation of keratometric slides
We measured the distance between opposite photokeratometric reflections from frog corneas from photographic slides using the measuring microscope noted above (Fig. 1 ). Data were obtained from one or both eyes. Specimens of two of these species, Hyla lancasteri and Physolaemus pustulosus, had no usable photokeratometric slides, so that we were unable to calculate cornea1 power, cornea1 radius of curvature, axial length, and the small eye artefact for these two species. Specimens of nine species had usable slides of only one eye, and the rest had usable slides for both eyes. The values for the four meridional measurements from an eye were averaged and converted to a value for power using Eq. (2). For anurans from which we had usable slides from both eyes, we used data from the right eye only. In cases where we had usable slides from only one eye, we used the data from that eye regardless of which eye it was.
Small eye artefact (A)
-
Refraction
Neutralizing IR video photoretinoscopy was performed on the frogs using the instrument described by Schaeffel et al. (1987) . The anurans were viewed from a distance of 1 m in a darkened corridor. Lenses of various powers were placed in front of the eyes while the direction of the IR retinoscopic reflex was noted on the video monitor screen. The refractions were bracketed by averaging the lens powers where the first "@h" and "against" reflexes were noted.
Computation of predicted cornea1 curvatures
The predicted regression line for log cornea1 curvature vs log body weight was computed from data of axial length of the eye vs body weight (Howland & Merola, 1993) . It was calculated under the assumptions that the ratio of cornea1 curvature to axial length was:
1. Constant; and 2. The same as that of anurans (0.402) as determined from the average of two studies (Du Pont & De Groot, 1995; Mathis et al., 1988) .
The first assumption is based on the fact that the component parts of eyes should scale isometrically. The second assumption is one of convenience and does not affect the regression slope.
Statistics
We applied the analysis of variance (ANOVA) routines of the program Statview 4.1 (Abacus Concepts, Berkeley, CA) to our regression residuals of log cornea1 curvature vs log weight. We tested for significance of differences of means using Fischer's protected least squares difference (PLSD) method. Figure 2 shows the base 10 logarithms of cornea1 curvatures in millimeters of 17 frogs, for which we had weight and cornea1 curvature data, plotted against the logarithms of their body weights in kilograms. Also included in this graph is a regression line for log cornea1 curvatures of "all vertebrates"
RESULTS
vs log body weight. The regression coefficients for anurans are: intercept, 0.945 f 0.07; slope, 0.270 & 0.032. These differ sig-nificantly both from the intercept (0.723 + 0.006) and slope (0.150 + 0.004) for the other vertebrates.
We performed an analysis of variance on the residuals (i.e. the differences between actual cornea1 radii and the regression line for anurans). We found that the taxonomic family of the anuran was a significant variable in the magnitude of the cornea1 curvature, once the influence of body weight was removed (P < 0.02) and that frogs from the family Hylidae had significantly larger cornea1 radii of curvature than those of both the Bufonidae (mean difference = 0.162 mm, PGO.012) and those of the Dendrobatidae (mean difference = 0.100 mm, P < 0.027). Figure 3 shows a plot of refraction vs dioptric power of the cornea as well as the calculated small eye artefact, A. The equation for A is (Howland, 1991; Glickstein & Millodot, 1970) :
We found that a linear fit to the data of Fig. 3 had a slope (0.025, P< 0.0092) and intercept (3.58, PGO.023) that were significantly different from zero. However, a second-order regression reduced the significance of the overall fit, and none of the coefficients of the equation were significantly different from zero.
We tested the residuals of the regression of Fig. 3 in the same manner as we did those for Fig. 2 to determine if there was any influence of family on the refraction, once cornea1 power was removed. We found none.
DISCUSSION

Allometry of cornea1 curvature
It is perhaps not surprising to find that the allometry of anuran cornea1 radii differs from that of "all vertebrates" (excluding anurans), this latter being an average over a large number of taxonomic groups. Among the other vertebrates, the slope of the regression for cornea1 curvature of anurans vs log body weight is most similar to that of the regression for 33 species of rodents (Howland & Merola, 1993) however, the anuran intercept is significantly larger, indicating that anurans generally have larger eyes than rodents.
Another optical effect which might account for the steep slope of the allometry of cornea1 radius has to do with the fact that the higher the relative cornea1 power, the greater is the image magnification (Ott & Schaeffel, 1995) . This is due to the fact that the cornea is farther from the retina than the lens. Concentrating optical power in the cornea will thus increase the image magnification and may help to alleviate resolution limitations imposed by relatively large receptor spacing in small eyes.*
The fact that Hylid frogs have larger eyes (as indicated by their larger cornea1 curvatures) than dendrobatid frogs and the toad, Bufo marinus, may relate to the nocturnal habits of Hylids as opposed to the diurnal habits of the dendrobatids and B. marks (Duellman, 1978, pp. 312-313) . In addition, the fact that both dendrobatids and *We are indebted to an anonymous referee for this suggestion.
marine toads have powerful toxic defensive secretions may alleviate some of the selective pressure for large, high acuity eyes.
Small eye artefact
Our failure to find a significant parabolic regression for the hyperopic refractions of anurans was a disappointment. While the linear regression that we did find was in the right general direction (i.e. it had a positive slope), the larger anurans were seen to be too hyperopic and the smaller anurans were too myopic relative to the theoretical curve (Fig. 3) . Two possible factors affecting these results may be:
1. The general tendency all animals we have examined have to become hyperopic under restraint; and 2. The possibility that small anurans are actually myopic when not restrained.
Small anurans must accommodate more than large ones in order to capture smaller prey at their shorter striking distances. The smallest frog eye we examined (Dendrobatespumilio) has a lens computed to be 1.9 mm in width, and so could easily have a 1 mm pupil. Such an eye should be diffraction limited at 30 c/deg. The focal length is estimated to be 2 mm, thus a 3 pm dia cone subtends about l/10 deg in this eye. The defocus sufficient to blur the image to 1 cone width can be calculated to be 2.0 D, and we may take this as a functional measure of depth of field. To focus a fly at 5 mm this frog must accommodate through 200 D or 100 times its depth of field. Hence, if the accommodative range of small frogs is limited, then actual myopia may be necessary in order to allow them to focus on nearby prey objects. Whether this latter ad hoc hypothesis is correct or not is at least subject to verification by experiment, by photorefracting anurans when they are capturing prey.
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